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ABSTRACT 



The stress dlstrlbetion around a reinforced circular hole in 
a steel cylindrical shell is determined experimentally for various 
hole sizes or degrees of reinforcement. Results are compared to 



predictions from flat plate theory. Lure’s theory, and the General 
Technology Corporation perturbation technique,, Stress concentration 
factors based on the Huber-Hencky-Von Mlses maximum distortion energy 
theory of failure are computed based on the theoretical stress ex- 
isting in the undisturbed field o 

It is concluded that flat plate theory offers a reasonable 
approximation to the problem of stress distribution up to a ratio 
of- r - ' -- ■ 0 * 77 > whore a is the radius of the penetration, R_ the 
mean shell radius, and t the thickness of the shell, all measured 
in Inches o The other theoretical approaches do not agree well 
with measured values. The Hencky-Von Mises stress at the periph- 
ery of the hole may be expected to become as great as three times 
the field stress, but the effect of the hole is negligible at one 
hole diameter from the edge of the hole. 
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NOTATION 



a * Radius of circular penetration in cylindrical shell. 

bo* Radius of unreinforced hole ■ Outer radius ef reinforcing plug. 

h " Thickness of reinforcing plug. 

i -V^ 

r ” Radial distance in (r,0) polar coordinate system centered on hole 
(See figure 1, page ri). 

t - Thickness of cylindrical shell « R 2 - Rj^« 

« - Displacement in ”x" directiono 

T « Displacement in "y” . directiono 

w " Displacement of middle surface of shells 

(x,y) * Rectangulir coordinate system centered on hole (See figure 1, page t1)o 
D * Diameter of circular penetration in cylindrical shell ■ 2ao 
E - Young’s Modulus, 

N ■■ Normal force per unit length, subscripted as neeessary te indicate 
direction, i,e,, N^^ • force in "x” direction "C5^to 

P - Internal pressure in cylinder, pounds per square inch, 

Rj^ • Inside radius of cylindrical shell, 

R 2 * Outside radius of cylindrical shell, 

Rjj " Mean radius of cylindrical shell • R]^ R 2 

^ 

SCF •• Stress concentration factor, ^ max. 

^ theoretic al^^^*^ ) 

where GTj^ , in the ease of test data, is the maxlmun measured 
stress in*^e direction under consideration. In the case of the 
theoretical studies, it is the maximum calculated stress in the 
directi under consideration, 

SS - Strain sensitivity, microinches per inch per psi of pressure. 

Vj^ - Percentage, by volume, or reinforcement (See equation /l/ on page 32), 

. .a 

CK - Hole parameter • * 

Rjjt 



-iv=* 




(f • Lineal strain, microirches per Inc^ 

9 • Angular direction in (r,0) polar coordinate system centered on hole 
(See figure 1, page ri), 

A " Azimuth angle of a meridional plane (See figure 1, page t1), 

“ Poisson's Katie, 



O/ - Stress in ”y” diroetiono 

■ Stress in "0" direction, 

- Stress in "r” direction, 

'5*, ,(5^ “ Principal stresses, 

- Hencky-Von Mises stress (See page 95 ior definition), 
0 ■ Displacement function 



I 



Tr - 3.1U59... 

CT ■ Stress, subscripted as follows: 



O'x •• Stress in "x** direction. 




^ ■ Complex displacement function. 



^ • LaPlace Operator : 





‘“N I ^ 

f -1, ~z — in plane polar coordinates. 



§ ■ Airy stress function 




(r| 0) " Polar coordinate system centered en the circular penetration 
ef the cylindrical shell} r * radial distance from the center 
of the hole measured along the middle surface of the cylinder, 
e “ ax^gle between "r" and a generatrix of the cylinder passing 
through the center ef the circular penetration, 

(x,y) “ Rectangular coordinate system centeri-d on the circular pene- 
tration; "x" measured along a generatrix ef the cylinder pass- 
ing through the center of the penetration, "y” measured along 
a c\u*Te perpendicular to "x” and lying in the middle surface 
of the cylindrical shell, 

SHELL COORDINATES 

Figure la 




\ 



Figure lb 



COORDINATE SYSTEMS 
Figure 1 
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INTRODUCTION 



GENERAL 

The purpose of this investigation is to determine experimentally 
the elastic stress distribution around a radially oriented circular 
hole in a pressurized cylindrical shell, for varying degress of rein- 
forcement of the hole. The configuration is illustrated in Figures 11 
and 12, pages 106 and 107. This investigation was suggested by Mr. John 
Pulos, Head of the Fundamental Research Branch of the Ship Structure 
Division of the David Taylor Model Basin, in connection with a program 
of study of penetrations in cylinders involving multiple holes, different 
hole orientations, and combinations thereof. 

The primary goal is to contrast and correlate existing theories, 
validating them insofar as is possible to a "reinforced" case. A secondary 
goal Is to provide empirical data which, for geometrically similar shapes, 
might find application for design purposes. 

BACKGROITND 

In recent years, interest has been increasingly focussed on the 
problem of relatively large penetrations in circular shells subject to 
pressure. Very little usefiil information exists which can provide back- 
ground and guidance to the engineer facing a specific design problem in 
this field. Although the problem of a flat plate with a hole is fairly 
well \mderstood, the field of cylinders vri.th openings is still in its 
infancy of investigation. The need for fundamental research in this area 
becomes apparent when one considers submarines going to ever graater 
depths, and the increasing importance of nuclear power, with the 
attendant large pressure vessels and piping penetrations reqTiired 
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Some theoretical stress analyses of this oroblem have been 
made, all of which are concerned with the vinreinforced hole. In 
addition, experimental verification of these analyses appears to 
be limited. 

Lure (l )*, (2) has given a solution for the stress distribution 
in a thin cylindrical shell with a circular hole. The results of 
Lure's analyses, however, are valid only for an e3ctremely small 
hole, one where oC « 1 . The practical application of this "pinhole” 
is somewhat difficult to comprehend. 

Savin, in (3), made use of Lure's analysis to give a more 
complete coverage to the field of stress concentrations around 
holes in various bodies. Further, in (4), Savin developed a formu- 
lation of the problem of a hole of arbitrary contoiir in a thin 
shell, but gave no indication as to the solution of the problem. 

It was stated, however, that experiments demonstrated the rapid 
decay of disturbances in a uniform stress field caused by a circu- 
lar hole in the stressed shell, and that the effect of the hole 
\ra.s negligible outside of a distance equal to the hole diameter, 
measured from the edge of the hole, 

Radok, et al in (5), developed an approximate solution for 
the intersection problem, but as it is an energy method with 
appix)ximate boundary conditions, its limitations cannot be accu- 
rately predicted, 

" Numbers in parentheses refer to the Bibliography which is found 
on pages 51 and 52. 



'••C* 
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When a flat plate with a small circular hole is loaded in 
shear by the action of two mutually perpendicular forces, equal 
in magnitude but opposite in sign (one tensile, the other com- 
pressive), the shear stress at the periphery of the hole becomes 
fotir times as great as the field shear stress (7), Withum, in (6), 
employed a perturbation technique to solve the pjroblem of torsion 
of a cylindrical shell with a circular hole. Using this approach, 
he showed that under a torsional loading, shear stress concentrations 
as high as 10 times the theoretical field shear stress might be 
expected at the periphery of the hole. This is significsilhtly 
higher than the factor of 4 encountered at the hole in a flat plate, 

Kline, et al, in (8) using a similar perturbation method, 
described the state of stress in an infinite cylinder under internal 
pressure with a relatively large circular hole in the shell. 

The most recent experimental comparison with theory was done 
by Houghton in (9), Using a photo-elastic technique, he determined 
that up to values of oC - ,88, the stress concentrations given by 
flat plate theory seem acceptable; that the effect of shell curvature 
was negligible. 
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Test Apparatus 



The test apparatus consisted of a pressure vessel, hydraulic 
pump, flexible tubing, pressvire gage, and equipment required for 
the taking of strain gage data. The general arrangement of the 
apparatus and details of the instrumentation are shovn in figures 
2 through 4 (pages 5 through 7), Assembly drawings of the pressure 
vessel and a detailed description of the apparatus are contained 
in Appendix E, pages 103 through 112, 



o 



r < 

0^ o 
h 2 : 




I \ 



uJ 



UJ 

-J 

CD 

< 

h 



Ld 

UJ 

h 

to 



o 

< 

ul 

UJ 

o 

< 

< 

h 

to 




X CD 
ulj r:> 




CL 

Z 

z> 

CL 

21 

< 

X 



H 



UJ 

Z 

UJ 

O 

< 

cl: 

< 



CO 

o 

< 

or 

<c 

a. 

Cl. 



UJ 

a: 



1 - 

CO 

Ld 

h 



cJ7 



o 



.5, 




I 

I 

I 

I 

■ 

I 



I 



I 




FIGURE 3 

Photograph of Assembled Apparatus 
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NOTES : 

(T'All R^D1AL &^GES HAVE ODD NUMfcERS, 

gAll TANGENTIAL SAGES HAVE EVEN NUMBERS. 

USAGES 223, 226, 2Zq, 232, 235j23JZt.JZqj35 ARE 
A5° GAGES AND ARE IN THE DIRECTION AS SHOW N. 
@AU OUTSIDE GAGES ARE "200" SERI ES. 

@All INSIDE 6A6ES ARE "lOO" SERIES. 

(g/All INSIDE GAGE LOCATIONS ARE EACKEP UP TO OUTSIDE 
GAGE LOCATIONS EXCEPT; 

(£) 101 , 102 - 2.15 '' 

© 111,1 12 - Z.05" 

© 121 , 122 , 17-3 - 2.05" 

gAii gage locations are measured radially 

FROM CENTER OF PENETRATION. 

(^GAOe I3X IS ORIENTED 90“ FROtA THE LOCATIDIJ 



CM 



Z\b 



OF GAGE 232 AS SHOWM. 
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DETAILS OF INSTRUNlEMTATlON OF PRESSURE VESSEL 

figure 4 
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After securing the closure plug, the pressure vessel i^as placed 
in the vertical position and filled xrlth hydraulic oil. All electricAl 
leads from the strain gages were attached to the terminal board and 
the hydraulic pump, piping and pressure gage were attached to the 
pressure vessel. All electrical circuits were checked for continuity 
and grounds, 

Pressture was applied to the vessel by operating the hand pximp. As 
each desired pressure was reached, the valve on the hydraulic lino at 
the pressure gage tras secured to keep the pressure constant in the 
vessel while strain gage reaxiings were taken with the Baldwin Type W 
strain indicator. 

All strain gages were read at each pressure by selecting Individual 
gages and appropriate dumny gages through the switching unit and reading 
strains on the strain indicator. Pressure was raised in 100 PSI increments 
to a maxlinum of 700 PSI, 

After all readings were taken for a particular hole opening, the 
wires were disconnected, the hydraulic oil drained out and the pressure 
vessel transported on a dolly to the machine shop where a larger hole 
was machined out. 
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PRESEOTATION OF RESULTS 



A. CRIQIML DATA SUMMARgS 

The data collected dxirlng the tests of the Oo95"> 1.2S”, and 

I.TS" radius penetrations Is presented on the pages following In terms of 

f 

"strain scnsltlrltles" for each gage. 

These strain sensltlrltles^ In mlcro«lnches per Inch per psl of 
pressure, were obtained b 7 plotting the Indlrldual strain readings ef 
each gage (^In./ln. ) against the corresponding pressure (psl) In the 
model, and taking the slope of the linear portion of the resulting ploto 
Although somewhat laborious, this technique has the advantage of 
averaging out minor errors In reading the strain Indicator and Is neces-^'^ 
sarj to discount any Initial erratic behavior due to locked*ln stresses 
In the shell. 

Trial rune, for the purposes of familiarization with the apparatus 
and checkout of all associated equipment were conducted with the solid 
plug In place, and with a hole ef O.U75" radius In the reinforcing plug. 
Information received from the David Taylor Model Basin Indicated that 
no significant Increase ef stress would occur until at least one»half 
of the diameter ef the reinforcing plug was removed, and such was found 
to be the case. These preliminary runs are therefore not reported. 
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TABIB 1 



SDMMARY OF TEST CONDITIONS 



TEST 


DATES 


m 


a/b 


a/t 




c< 


Vr«) 


1 


15 NOV 62 


0.950 


0.500 


2.533 


0.122 


0.309 


139.0 


2 


23 EEC 62 


1.250 


0.658 


3.333 


0,161 


0.537 


105.2 


3 


22 MAR 63 


1.500 


0.790 


U.ooo 


0.193 


0.772 


70.0 


h 


7 APR 63 


1.750 


0.921 


U.667 


0.225 


1.050 


28.1 
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STIMMARI OF TEST DATA 



STRAIN SENSITIVITIES ^ In ./ s <\ ./ psc 
INSIDE GAGES 



Gaee No. 










101 


.260 


.334 


.344 


.307 


102 


.407 


.472 


.813 


1.733 


103 


.385 


.460 


.550 


.700 


104 


.385 


.434 


.656 


1.300 


105 


.222 


.304 


.418 


.630 


106 


.498 


.528 


.648 


1.100 


107 


.185 


.262 


.308 


.500 


108 


.644 


.646 


.662 


.840 


109 


.140 


.140 


.144 


.178 


110 


.626 


.640 


.638 


.670 


111 


.558 


.490 


.025 


- .120 


112 


.113 


.125 


.040 


-1.625 


113 


.684 


.648 


.313 


.163 


114 


.100 


.1023 


.0024 


-.427 


115 


.624 


.617 


.466 


.370 


116 


.127 


.1074 


.054 


-.230 


117 


.616 


.652 


.634 


.690 


118 


.122 


.113 


.094 


-.030 


119 


.580 


.600 


.650 


.720 


120 


.200 


.202 


.198 


.200 


121 


.630 


.702 


.240 


.388 


122 


.706 


.842 


.880 


1.725 


123 


.403 


.445 


.130 


.863 


125 


.634 


.764 


.458 


.604 


124 


.765 


.890 


.733 


1.075 


126 


.948 


1.080 


.960 


1.052 


127 


.584 


.712 


.416 


.580 


128 


.781 


.866 


.650 


.863 


129 


.460 


.560 


.278 


.563 


131 


.608 


.690 


.390 


.500 


130 


.783 


.913 


.590 


.660 


132 


.498 


.574 


.310 


.450 


133 


.556 


.656 


.294 


.260 


134 


.765 


.844 


.522 


.528 


135 


.461 


.539 


.213 


.230 
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SUMMARY OF TEST DATA 



STRAIN SENSITIVITIES ^ . ! psl 

OUTSIDE GAGES 



Gaee No. 


g=Q.95" 




a^l .5" 




201 


.194 


.115 


.004 


-.500 


202 


.636 


.700 


.918 


1.338 


203 


.142 


.087. 


- .0375 


-.470 


204 


.618 


.660 


.778 


.980 


205 


.136 


.073 


.010 


-.300 


206 


.596 


.595 


.640 


.648 


207 


.154 


.100 


.085 


-.030 


208 


.586 


.567 


.545 


.378 


209 


.127 


.117 


.135 


.150 


210 


.586 


.583 


.546 


.430 


211 


.686 


.527 


.588 


-.600 


212 


.350 


.497 


.820 


1.420 


213 


.492 


.397 


.390 


.184 


214 


.518 


.440 


.800 


1.438 


215 


.538 


.470 


.456 


.312 


216 


.286 


.368 


.620 


1.175 


217 


.598 


.533. 


.500 


.450 


218 


.196 


.227 


.388 


.688 


219 


.582 


.557 


.526 


.480 


220 


.160 


.150 


.168 


.230 


221 


.332 


.290 


.118 


-.355 


222 


.398 


.522 


.714 


1.300 


223 


.100 


.060 


.078 


.050 


225 


.175 


.133 


.018 


-.330 


224 


.410 


.500 


.563 


.674 


226 


.500 


.547 


.570 


.600 


227 


.175 


.143 


.044 


-.175 


228 


.444 


.490 


.476 


.488 


229 


.145 


.103 


.022 


-.200 


231 


.195 


.183 


.107 


-.020 


230 


.430 


.433 


.390 


.350 


232 


.496 


.510 


• 500 


.480 


233 


.195 


.220 


.194 


.194 


234 


.450 


.473 


.425 


.350 


235 


.153 


.175 


.130 


.080 
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Stn^ARY OF TEST DATA 



STRAIN SENSITIVITIES yO. i nj ;,y .J p s i 
HOLE INSTRUMENTATION 



Uniaxial Gages 



Gage Location (9) Gage Location (6) 



0° 


Data 




0° 


1.442 


600 


Considered 




30° 


1.140 


900 


Unreliable 




60° 


.437 








90° 


.115 


Rosettes 




0*-^ 1 






Gaee .Location (e) Leg Angle 


a=1.6» 








0° 


1.740 


3.067 * 


0° 




45° 


.478 


-.400 » 






90° 


-.638 


-2.900 « 






0° 


1.490 


3.200 


30° 




45° 


.507 


-.350 






90° 


-.667 


-2.900 






00 


.544 


.738 


60° 




45° 


-.130 


-.763 






90° 


-.280 


-.850 






0° 


.206 


.188 


0 

0 

0^ 




45° 


.0375 


.116 






90° 


-.250 


—.688 



* Data considered unreliable 
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B. ANALYSIS OF DATA 



1. PRELIMINARY 

The strain sensitivities derived for each gage during a test 
were reduced to stress sensitivities of PSI (stress) per PSI (pressure). 
This was done using conventional reduction formulae, sample computations 
for which may be found in Appendix D, pages 72 through 102. 

2. COMPARISON OF DATA WITH THEORY 

a. Comparison of Lxire’s and Flat Plate Theory to Measured Data 
( Concentrations of 6e in the shell ) 

A, I, Lure in (l ) described a method of computing the 
concentrations of the tangential stress (6©) around a hole in a cylinder. 
The limiting geometry specified therein ( <X <,< 1 ) was not strictly met 
during this investigation ( see Table 2 ), but it was believed that use 
of this approach for comparative pvirposes would not prove entirely invalid. 
Accordingly, a set of stress concentration- factors based on Lure's method 
were computed ( see Appendix B, pages 65 through 68 ) for selected values 
of 0 and r/a. 



Test 


Hole Radius 


oC 


1 


0.95" 


.309 


2 


1.25" 


.537 


3 


l.'SO" 


.772 


4 


1.75" 


1.050 



TABLE 2 

Using Wang (?) the solution for a flat plate under the action of 
a biaxial stress field was found, and the tangential (^e) stress 
concentration factors were calculated for selected values of 0 and 
r/a ( see Appendix C, pages 69 through 71 ), 
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The tangential stress sensitivities for the middle surface 

of the shell were calculated by averaging the stress sensitivities 
of the inside and outside tangentially-oriented gages at each gage 
location. In order to generate the required stress concentration factor, 
each of these calculated stress sensitivities was divided by the 
theoretical axial stress sensitivity existing in a cylinder of finite 
wall thickness, as shown in Appendix D, pages 87 and 88, ( Although 
Novozhilov in (iv) considers that shells whose parameter t/R = ,05 

may be considered as thin shells, and the geometry of the vessel under 
test \/as such that t/^ = ,0482, it was found that using the thick- 
wall or Lame stresses resulted in a closer agreement with theory ), 

The results of these computations are shown on the follo\>ring 
four pages. Figures 5a through 5d, as dimensionless plots of 
versus r/a for the actual and theoretical stress concentrations. 
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be Comparlaon of the Method of Kline, et al, to Measured Data 
(Concentrations of(5'@ in the shell) 

As explained in Appendix A, pages $3 through $9, Messrs* 
Kline, Dixon, Jordan, and Eringen of the General Technology Corporation, 
using a perturbation technique, described the theoretical tangential (9) 
stress distribution around a hole in an infinite cylinder (8). The au- 
thors modified this by the superposition of the flat plate solution in 
the longitudinal direction to account for the axial stress and coded, in 
FCRTRAN language, a program for the solution of the resulting problem. 

This was put inte the IBM 7090 computer at David Taylor Model Basin and 
the results appear for selected values of 9 and r/a in Appendix A, pages 
63 and 6ii. 

These results can only be classed as disappointing. Although net 
entirely unrealistic at the edge of the hole (r/a ■ 1), little agreement 
can be found between the actual state of stress in the shell (r/a > 1) 
and that predicted by the General Technology Corporation approach. For 
illustrative purposes, two comparative plots are shown on figure 6 on the 
following pagej one showing predicted and actual tangential (0) stress 
concentration factors for 0 - 0° on the l.$" hole radius test, and one 
for 0 - 90* on the 1.75" hole radius test. Possible reasons for this 
lack of agreement are advanced in the seetion "Discussion of Results" • 
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Co Comparison of Theory and Measured Data at the Hole 

(Concentrations of <5”^ at r/a ■ 1 for one quadrant; 

0 - 0° te 90°) 

Hole instrumentation was successfully accomplished for 
penetrations of 1,25", and 1,75" radius. Stress concentration fac- 

tors were computed from measured strain sensitiYitles in a manner similar 
to that previously described, the base being the theoretical axial stress 
in the cylinder. 

The following three pages compare these results to flat plate. Lure, 
and General Technology Corporation theory. In addition, one other method 
is shown; that used by Walsh (15) to examine the stress concentrations 
around a reinforced circular hole in a submarine hull. Derived from 
curves in Petersen (lU), sample computations for this type of calculation 
may be seen in Appendix D, page 102. 
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d. Comparison of Flat Plats Thsory to Measured Data 
(Concentrations in the shell) 

The only available theory approximating the radial (with 
respect to the hole) stress distribution in the shell was that of the 
flat plate. Again using Wang (7)y a set of radial stress concentration 
factors was computed for selected values of 9 and r/a (see Appendix C, 
pages 69 through 71), 

In a manner similar to that previously described for calculation of 
tangential (6) stress concentration factors^ the appropriate measured 
data was reduced to radial (r) stress concentration factors, sample 
computations for which may be found in Appendix D, pages 92 through 9U* 
The results of these computations are shown on the following four 
pages, figures 8a through 8d, as dimensionless plots of-^^ versus r/a 
for the actual and theoretical stress concentrations. 
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e. Comparison of Measured Data to the Maximum 
Distortion Energy Theory of Failure 
(Concentration of the Hencky-Von Mises 
Stress in the Shell) 

The Hencky-Von Mises stress is defined (13) ast 

where (5", and are principal stresses. It is useful as a design criterion, 
as failure may be expected to eccur when the Hencky-Von Mises stress in a 
body reaches the yield stress. 

Heneky-Von Mises stress sensltlyitles were computed for each gage 
location on the model. Due to symmetry, the biaxial gages (oriented 
along and perpendiculir to the lines 6 ■ 0° and 0 ■ 90®) could be as— 
suBosd. to lie in the directions of principal stress, while the data from 
the strain rosettes placed along the 9 ■ line was reduced to gire 
<5", and « 

As is explained in Appendix D, page 95, the theoretical Hencky- 
Von Mises field stress sensltiwitles for the inside and outside surfaces 
of the shell can be computed from the Lame (thick-wall) stress sensitlT- 
itles determined previously. This ^..^(theoretical, field) then forms 
the basis for comparison, and the stress concentrations of the Hencky- 
Von Mises stress are so computed. Sample calculations for this phase 
may be found in Appendix D, pages 96 through 101. 

In order to show the effect of the removal of reinforcing material, 
a constant hole radius ”b" was assumed; that of the reinforcing plug. 

The reinforcement is then coxisldered to be distributed evenly expound the 
Interior of the hole. This is, admittedly, somewhat of an arbitrary 
assumption, but permits plotting points on successive curves one above 
tile other to show more readily the effect of reinforcement removal. This 



■ 31 - 



vould not be the case if the dimensionless aboissa were r/a ("a" being 
the radius of the actual hole) for then, as the reinforcement was re- 
moved, the hole radius would also be enlarged, and the non-dimensional 
gage locations would "shift" towards the hole. 

The amount of reinforcing material, present during each test is 
defined as a percentage by volume | that volume of reinforcement present 
divided by the amount of shell material removed to Install the reinforce- 
ment. Alternately, it may be considered as (volume of the solid plug 
less the volume of the hole) divided by (volume of the shell material re- 
moved to Install the solid plug). 

Computation of the volume of the shell material removed was not 
susceptible to direct solution by triple integration. The General Pris- 
matoid Theorem from (19) and Weddle's and Simpson's Rules from (18) were 
used, with the result that a Simpson's integration with half ordinates 
at the end (the naval architect's old standby) gave the best answer} a 
volume of Ue2698 cubic inches. All reinforcement volumes, ^R» are ex- 
pressed in percentages of this figure, thus: 

— “TT ^ Equation /l/ 

Results of these computations are shown on the following three pages, 
figures 9a through 9c, as dimensionless plots of (measured)/ C5^^^(the- 
oretlcal) versus r/b: each plot is for a specific 0 value (0 ■ 0°, 25®, 

and 90^) and shows the concentrations of the Henoky-Von Mlses stress for 
the inside and outside surfaces for four degrees of reinforcement. 
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f. Variations in the Direction of Principal Stress 
With Successive Removal of Reinforcement 

The direction of maximum principal strain at each gage 
location on the 25° leg was determined by constructing a Mohr's 
strain circle for each rosette. This direction was, by definition, 
that of the maximum principal stress. The directions resulting from 
this procedure are shown on the following five pages. 

During the process of determining directions of strain, one 
rosette consistently produced a direction incompatible with the 
stress field of the shell. As it was an inside rosette ( numbers 
130 , 131 and 132 ) immediate direct observation of the gage was 
not possible, so all possible Mohr's circles were drawn to check 
for the possibility of either mis-orientation of the gage or a" 
mistake in wiring. The resvilts showed that the directions would 
be proper if the rosette had been placed so that gage number 132 
were 90° away from that shown on the David Taylor Model Basin 
gage placement and orientation diagram supplied to the authors. 

The end of the model ;>dth the wiring feed-through plug was 
removed so that the gage in question could be seen. It was, in fact, 
found to be oriented 90° away from the scheduled position. The gage 
placement and orientation diagram was corrected accordingly. 
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DISCUSSION OF RESULTS 



1, Comparison of Keasiired Data to Theoretical Predictions. 

As may be seen from Figures 5a through 5d, pages 16 through 19, 
the predictions of tangential ( 9 ) stress concentrations by Lure’s 
method are universally much higher than those determined experimentally. 
For the cases of the smaller holes which more closely approach Lure’s 
requirement that =4 «. 1 , the measured data seems to indicate that 
Lure’s correction for curvature in the body subjected to stress is 
of doubtful value. Indeed, the theory which gives the closest approach 
to the measured data is that of the flat plate, both in the amount and 
in the distribution of the tangential ( 0 ) stress concentrations in 
the shell. Flat plate theory for these tangential ( 0 ) stress con- 
centrations appears reasonably valid up to o«i = .774, corresponding 
to a hole radius of 1.5”. A similar observation may be made for the 
curves drawn ai? r/a = 1, at the edge of the hole ( see Figures 7a 
throiigh 7c, pages 23 through 25 ). There, flat date theory and the 
measured data agree very closely up to oC— ,11 ( Houghton in (9) 

reports that at r/a = 1, reasonable agreement was maintained up to 

= .88 ). 

The effect of curvatxire upon the flat plate solution is evident 
when one examines the difference between the 0=0° leg and the 0 = 90° 
leg. At 0 = 90*^, the departure from flat plate theory is the greatest, 
while at 0 = 0°, the flat plate theory predictions are extremely 
Close to measured data. 
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The pertxirbation technique used by Kline, et al, and coded by the 
authors for the IBM 7090 computer should not be entirely discounted. 

The oscillatory natxire of the curves ( see Figure 6, page 21 ) describing 
the tangential ( 9 ) stress concentrations in the shell mi^t be 
suppressed somewhat by taking higher order perturbations of Nq, and N^j, 

As explained in Appendix A, page 57, the authors neglected the second 
and higher order perturbations of and Ngj, In a manner similar to 
that done in (8). One of the important steps in the perturbation technique 
employed in this approach is the evaluation, at each non-dimensional 
radius ( r/a ), of a series of Hankel f\inctions, the number of which 
depends upon the nximber of perturbations employed. Since the Hankel 
functions are of an oscillatory character themselves, it is suggested 
that taking more terras in the basic expression for would tend to 
bring these CTirves more in line with the data and the other theories. 

The premise that these additional terms might make the theory more 
meaningful is supported by the behavior of the predicted tangential ( 9 ) 
stress concentrations at the hole where r/a = 1 ( see Figures 7a through 
7c, pages 23 through 25 ). Here the General Technology Corporation 
technique behaves in a more reasonable manner suid, at the edge of the 
hole, the Hankel functions at the various r/a values are not employed 
as modifying factors of the stress distTirbance set up by the hole. 

The stress concentrations predicted by the Petersen (14) graph- 
ical method do not appear to be very meaningful. It seems that this 
approach is sui extrapolation from an analysis made by Timoshenko of 
the stress distribution around a beaded hole ( ie*, a small hole with 
local reinforcement in the form of a boss or welded bead ), and appears 
unjustified for the geometry considered here. 
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The prediction of the radial ( r ) stress distribution could be 
made only liy flat plate theory. That this theory is insxifficient to 
completely describe the stresses in the shell is evident upon exam- 
ination of Figures 8a through 8d, pages 27 through 30 , The effect of 
curvature on the stress distribution is again very marked in the 
6 = 90° leg. As in the case of the tangential ( 0 ) stress con- 
centrations, this leg shows more pronounced deviation between actual 
and predicted radial stresses ( ). In addition, the behavior of 
the radial stress ( 6 ) near the hole is quite erratic, due probably 

to the tendency of the reinforcing ring to distort and the entire 
hole no longer remaining circular but becoming elliptical in shape. 



2, Comparison of Meas\xred Data to the Hencky-Von Mises Stress 
Failure Criterion. 

Figures 9a through 9c on pages 33 through 35 indicate that the 
volume of reinforcement has a marked effect on the Hencky-Von Mises 
stress in the shell. As the volume of reinforcement, Vj^, is pro- 
gressively reduced, the measured Hencky-Von Mises stress does not 
depart too radially from that computed for the field until a V^^ 
of about 1005^ is reached. Subsequently, at Vr = 70^, an overall 
increase of stress is observed, which reaches a measured maxiraum 
of 2,95 times the field stress ( inside surface, 25° leg ) at 
Vr = 28.1^. 
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This finding is considered quite significant, especially if 
this maximum distortion energy theory were to be used as a failure 
criterion. In a hypothetical case, a design stress for a geometrically 
similar vessel based on a yield factor of safety of 3 might be con- 
sidered adequate, and working pressures assigned accordingly. The 
results of these tests show that, in such a case, the vessel would 
actually be stressed to a degree dangerously close to its yield point. 

It is believed that between 105^ and 70^ volume of reinforcement, 
the reinforcing material begins to lose some of its property of 
rigidity and participates more completely in the distortion of the 
hole into an elliptical hole, rather than remaining a true circle. At. 
a Vjj of 28,1%f the ring is so narrow that it is quite limber and bends 
entirely with the hole, thus affording little restraint to hole 
distortion. 

The curves also tend to confirm Savin’s (4) observation that the 
effect of a hole in a shell is negligible at a distance of one hole 
diameter from the edge of the hole. This distance occurs on the curves 
under discussion at the r/h value of 3, and as may be seen, the stress 
concentration of the Hencky— Von Mises stress in this area are al T 
tending to return to the theoretical value of unity, 

3, Direction of Principal Stress 

The direction of principal stress ( see Figures 10a through lOe 
on pages 37 through 41 ) as shown by the strain rosettes at 0 = 25° 
are of some interest. They clearly show that for small holes and heavy 
reinforcement the direction of the maximum principal stress in the 
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shell is not tangent to the hole as might be expected, but instead 
is directed into the reinforcement. The reinforcement seems to 
”soak \xp” the normal stresses in the shell up to a of 705S, at 
which point the direction is what one might expect to find in a 
cylindrical shell without a penetration. At the lower limit of 
reinforcement tested, the direction of principal stress has moved 
aroxind until it comes xglthin 8° of being tangent to the hole. For 
the hole radii covered during the reported tests, the gage placed 
closest to the reinforcing plug thus has shovm a total change of 
direction of principal stress of 31°, due solely to removal of 
reinforcing material. 
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CONCLUSIONS 



1, Ther* is so theory currently arailable which will completely and 
accurately describe the stress distribution in a cylindrical shell with 
a circular hole under the action of an internal pressure. The experiments 
show that the flat plate theory offers a reasonably close approximation 
to the actual stresses up to a ralue of 0< ■ 0,77 » especially in the case 
of the tangential (jSei stresses. The radial (6^) stresses depart too rad- 
ically from those oboejrred to permit a meaningful interpretation at 0 - 
90®, but are not unreasonable in the other areas (0 ■ 0® and 25°), 

2o The behavior of the stresses in the neighborhood of the reinforced 
hole is difficult to evaluate. In the region of large reinforcement and 
a small hole (see figure 5*» page 16), the reinforcement tends to absorb 
the shell stresses, and more than compensate for the effect of the hole. 
When the amount of reinforcement is decreased below about 100$, the effect 
ef the hole predominates, and increasingly severe concentrations of stress 
result (see figure 5d, page 19), 

3. The disturbances of the basic state of stress in the shell decay 
rapidly with distance from the hole and at a distance of one hole diam- 
eter from the edge of the hole, the effect of the hole seems negligible. 

U. Assuming the maximum distortion energy theory of failure, the most 
critical area appears to be the inside surface of the shell around 0 ■ 

25°. This seems of interest, because the strain rosettes were placed 
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along this line as a reswlt of photeelastle studies nade on the ease 
model at the Darld TsT’lor Kedel Baeln^ using the Zandtmann blrefrlngent 
seating technique. The photoelastle etudj was necessarily conducted 
only oh the outside surface, and the measured strain data Indicates that 
on the outside surface, the most stressed area Is that at 6 ■ 90*^. An 
explanation of this might be seen when the geometric considerations are 
examined. The relnferclng plag thickness was such that at 9 • 0^, It 
was tangent to the outer surface of the shell, and at 6 ■ 90°, It was 
tangent to the Inner surface. Therefore relatlrely shairp structural 
discontinuities exist on the outside surface at 6 • 90°, and on the In- 
side surface at 9 ■ 0^. The measured maximum Hencky«Ven Mlses stress 
concentration Is, In fact, found on the outside surface at 9 " 90°, yet 
is seen at 9 * 2S° on the Inside. The difference, howerer, between that 
at 9 * 0° and 6 ■ 2$° is less than 2%, Therefore, In addition to the 
effect of this hole In producing a stress concentration, the effect of 
the plug Itself In producing dlsoontlnxiltles In the structure may be 
considerable. 

It can be concluded that, with the ressel geometry under consider- 
ation, a concentration ef almost three times the Hencky-Von Mlses theoret- 
ical~~ field stress may be expected to occur In similar circumstances 
for the Inside surface at 9 ■ 0° and 25* (see figures 9a and 9b, pages 
33 and 3U). 

5 « Despite the fact that the eyllnder was stress-reliered both after 
Initial fabrication and after installation of the reinforcing plug. 



loek«d-in stresses were beliered to exist in the shell. This obser- 
ration is made based on the behavior of the strain sensitivities as read 
from the pressure-strain plots. The first two of the reported tests were 
based on data taken during runs conducted between 0 and 500 psi internal 
pressure. The linear portions of the resulting plots almost always 
failed to include the zero strain, zero pressure point. The last two 
reported testa used a zero strain point arbitrarily taken at 200 psi 
initial Internal pressure, and the pressure-strain plots were made up 
to and including 700 psi. The plots that resulted from this technique 
were much more "well behaved", and tended to give one more confidence in 
their use. This technique of disregarding initial readings and conduct- 
ing tests at somewhat higher leads is commended to future investigators. 



IffiCONVMMTIMS 



1, A test series on a similar model, utilizing the same hole 
sizes as studied herein, but with a thicker reinforcing 
plug could be made. This series would be able to provide 
more information on the effect of volume of reinforcement, 
Vjj, on the Hencky-Von Mises stress in the shell, 

2, Set up the computations and programming necessary for second 
and higher orders of perturbations used in the General 
Technology Corporation scheme. It is believed that this 
will cause the stress predictions of this method to agree 
more closely with those actmlly measured in tests, 

3, When utilizing electrical resistance strain gages, always 
use data derived from the linear portion of a load versus 
strain plot. In this way, erratic gage behavior due to any 
initial stress in the model does not affect the results. 
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APFEIIDIX A 



Derli'atlon of a FORTRATT Prof^am for the IBII 7090 Gorrnuter 
Upinr the General Technolorry Cemoratlon I'ethod of Comnutlnp 
Stress Cone entrat Ions as I'odlfled lyy the Authors . 

The Tflethod used in this aiialysis represents the approach of I'essrs. 
L,V, Kline, R.C, Dixon, II, F. Jordan and A.C. Erinf'en, \;hose Technical 
Report Number 3—1 of the General Technology Corporation, entitled 
“Stresses in Pressurized Cylindrical Shell Uith Circular Cutout”, has 
been previously cited as reference (8), The foUoxn.ng is noant to act 
as a brief description of their method, and to shou how a flat plate 
solution for the uniaxial stress condition ms superimposed upon the 
problem to account for a finite cylinder, 

A simplification of the problem description ms initially achieved 
■fcy considering a flat strip containing a circular hole which is used 
to construct a cylindrical shall as is shorn below: 




(a) 




(b) 
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Although the hole geometry is not precisely the same as that 
obtained by piercing the shell with a right circ^llar cylinder of 
radius ”a” vdiose axis is normal to the axis of the main cylinder, 
the difference between the two closed space curves is small for 
relatively small hole/cylinder ratios It should be noted 

that the coordinate lines "Y" and ”r” remain in the curved surface. 

If no hole Is present in the shell, the hoop stress, f due 
to an internal pressure "P” is given by the "pressure vessel" formula j 




The radial stress, ^r» the tangential stress, 6©, at any 
point on the circle of radius "a" can then be described by considering 
the conditions for equilibrium of an extremely small triangular element 
on the edge of the circle: 

T" 




= ^(\~ coiZQ) ^ ||-(l-Co52e) 
^ e ~ sin 1& — yin 20 



By cutting a circular hole in the shell and appljring the negative 
of the above stresses, equilibrium is maintained. Therefore, the prob- 
lem of determining the stresses in a pressurized shell with a circular 
cutout was reduced by (8) to: 
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(a) Detemininc tho stresses in the ■unprossurized shell due 
to the effects of - <^j.and acting on the edge of the 
hole, and 

(b) Superposing those stresses detemined in (a) upon those 
due to p^ 0 ss^aro in the cylindrical shell \rithout a hole. 
Upon superposition, the t\x> sets of stresses nust then 
elirinate one another at tho hole. 

The min problew, that of (a) above, required that tho ap-^^ropriate 
differential eqx;iations of cylindrical shells, e>q>reESod In cylindrical 
coordinates (r,0), be solved. To this end, use \/as riado of tho courplex 
dlsplacenent function - 

= w -+- L 

vjhere, w = disnlacement of the rdddle surface of the shell 

i =\/ir" 



^ = Airy Stress Function 

= d? ti ( I - ^ 

E = Young *s I 'odulus 
'y = Poisson’s Pntio 



Expressed in cylindrical coordinates (r,9), the differential equation 
for y is: 

4A V -t- cos2e 

v*ere,/l^= A14 -' ~ ^ ilf 



J- 

r ^ r 









/"r^J 



- 55 - 



The solutions of tlie equations i/ore subject to boundary conditions 
such that at the odce of the holo the stresses bo - ^^and • 6 q» while 
bending moment and normal shear be zero, and that the strossos vanish 
as ”r” approaches <>o* 

The quantity to be determined in the approach \ra.s the normal force 
in the 0 direction, or Ne, vxhich can be characterised as: 



He = 







uhere,^ ~ ^ r 



To effect this, the unknoim function \7as expanded into a Fourier 



senes, as* 



cO 



N© (r,0) = ^ Ni©n(f^]c.o5 "Zn© 

n = O 

This reduced the problem by the separation of variables to the 
solution of differential equations for the Fourier crajansion functions 
’Ten (r), but the equations still vere not able to be directly solved, 

A peiturbation scheme, similar to that eim^loyed iJithum in ( 6 ), i/as 
next used, \jherein the Foiirior functions vroro e:q>anded as: 

Nen (r) = ^ ~ •+- Kl6)m(r)-f 

The sero order perturbation, Hen (r), \/as the solution for the 
limiting case of a flat plate, while the higher order perturbations 
gave the appropriate corrections for the curvature of the cylindrical 
shell. 

Solutions of the corresponding differential equations for each 
wi? (r) \;cre found as polynomials containing a bounded number of 
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iindeterrinod constant coefficients. Recursion relationships xjerc 



ostabllshed uhich, ’^th the boundary conditions previously described, 
dotemlned the forces N^n^ (r) conpletely. 

It was felt that the second and hifTher order perturbations of 
Ne1 v/ere quit© smll ond covild be disregarded, so that the resulting 
force per unit length due to the stress loading at the hole %/ac: 



In order to obtain the solution of the problem of a pressurised 
cylinder xdth a hole, the force due to pressiure in the cylinder vrithout 



This completed the study of ICLine, et al, but, as may bo seen, it 
neglected the affect of any a:d.al stress, or^^x» 'the direction of 
0 = 0°, To correet for this, the case of a fla.t plate tdth a hole under 



the Ne previously detemined, by the folloxdng procedure j 

liqpressing the flat plate solution ( 7 ) in the notation employed by 
Kline, et al> 




a cutout was added, irhich 
vrhere hly ~ 6y i. , Therefore, 







\rher©, Hx = 6'x t 
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This is added to II© to ci^e; 
IleT ~ NeTotal = He + II© 



NeT 







■j 



+LW©»’ 








It \iac desired to transfom the equation into one elding a 
non-dimensional stress concentration factor, based upon the nominal 
stress e::d. sting in the axial direction ( the louest stress ). Dividing 
both sides of the HeT equation "byNy and realizing that<:^)( 

Vo have aii oxi?rescion for the stress concentration factor, or 

of; 

Stress Cone, Factor t ^ ^ 

Rsqaressions for the vir) terms \/ere derived from reference ( S ) , 
and one case, that of the smallest penetration, tras vorlcod out by hand 
with the aid of referenoo (t)), A program for the IHI 7090 corn-outer 
was subsequently compiled, and the hand calculations used in "do-bugging** 
the initial runs, A fei/^ rlstakes were found and corrected, and the irhole 
program ro-run, ■var 7 ,’lng the hole sizes in the input inforrnation to cover 
those cases irhich were experimontslly investigated, A copy of the computer 
program in FORTKAII language and the results derived from it appear on the 
following pages. 



(«) (ii 



COS 



zs 
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Tlie following reetrictione apply when using the Geneml 
Technology Corporation approach i 

(ar) If the shell is too thick for ap 5 ^cati<m 

of thin shell theory# 

(h) If ^ rj>4> "the pwtturhetion technique does not 

produce rapid eonrergenee, and more terms than 
f^io ) and M©/ are necessary to compute 

the strees eonoentratlona# 

(o) If circle and the space curve obtained 

by intersecting two cylinders begin to differ appreciably. 
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FOR 


XRHP 


10 




DIMENSION Z610(10).ZC10(10)t2B 11(10). ZClU10)iZ812( 10 ).2C12(iOI* 


XRHP 


20 




XZ8l3(10).2C13tl0).AR(20).TH(10) .COSTHI 10) .Xt 10) .BEStSO) .HANI 50) . 


XRHP 


30 




XA(A.A).R(A.2).RRT(10). STRESS! 10) 


XRHP 


40 




PRINT2 


XRHP 


50 




S02=S0RTFt2. ) 


XRHP 


60 


20 


R£A05»NCAS£.NAR.NTH.NX.NSTOP.RC.T.XNU. t AR ( J) . J=1 .NAR) . ( THIJJ) . JJ = 


XRHP 


70 




Xl.NTH) , (RRTI JJJ) . JJJ=1 .NX) 


XRHP 


BO 




00130J=1.NTH 


XRHP 


90 


130 


COSTHI J)=COSOF( 2.* THU) ) 


XRHP 


100 




8ETA=( 3.*( 1.-XNU**2)/RC**2/T**2)»«.25 


XRHP 


no 




00200K=1.NAR 


XRHP 


120 




PR INT3 .NCASE.K .RC . T .XNU. AR K).(TH(J).J=1.NTH) 


XRHP 


130 




8A2= (8EtA*AR( K )/2. ) **2 


XRHP 


140 




0080 1=1 .NX 


XRHP 


150 




X( 1 )=B£TA*AR(K)*RRT( I ) 


XRHP 


160 




L0=XL0CF(8£S( 1 ) ) 


XRHP 


170 




0UM=8£SJF IX(1).0.»2.50.LO) 


XRHP 


180 




1F(0UM)90.90. 100 


XRHP 


190 


90 


LO = XLOCF(HAN( 1 ) ) 


XRHP 


200 




OUM=B£SYF(X( I ) . 0 . . 2 » 50 . LO ) 


XRHP 


210 




IF(0UM)91 .91. 101 


XRHP 


220 


91 


BPH=B£S(2)+HAN(2) 


XRHP 


230 




8MH=8£S(2 )-HAN 12 ) 


XRHP 


240 




Z810I 1 )=8ES(3 ) 


XRHP 


250 




ZCIOI 1 )=HAN( 3 ) 


XRHP 


260 




2811 I 1 ) = 8MH*X( 1 )/S02 


XRHP 


270 




ZCll ( 1 ) = BPH*X! 1 ) /S02 


XRHP 


2B0 




2812(1 ) =2. *281 11 1 )+X( I )**2*ZC10( 1) 


XRHP 


290 




ZC12( 1 )=2.*ZC11( 1)-XI I )**2*ZB10( I 1 


XRHP 


300 




2613 ( I )=X( 1 )**3/S02*BPH 


XRHP 


310 


80 


2C13 I I )=-X( I )**3/S02*8MH 


XRHP 


320 




A( 1.1)=0. 


XRHP 


330 




A( 1.2) = 1./X(1 )**2 


XRHP 


340 




A( 1 .3 )=2C10( 1 ) 


XRHP 


350 




A( l.A)=Z810( 1 ) 


XRHP 


360 




A( 2* 1 ) =0» 


XRHP 


370 




A(2.2)=-2.*AI 1.2) 


XRHP 


3B0 




A( 2 . 3 )=-2.*A( 1,3) +2C1 1 I 1 ) 


XRHP 


390 




A( 2. A) =-2 .*A( 1 ,4 )+Z81 1 ( 1 ) 


XRHP 


400 




A(3.1)=4.2*A( 1,2) 


XRHP 


410 




A(3,2)=0» 


XRHP 


420 




A( 3. 3 )=4 .2*A( 1 ,4 )-2 .7*281 1 ( 1 )+2B12 t 1 ) 


XRHP 


430 




AI 3,4 )=-4.2*A (1,3)+2.7*2C11( 1 )-2C12I 1 ) 


XRHP 


440 




A(4,l)=A(3,l) 


XRHP 


450 




A(4, 2)=0. 


XRHP 


460 




A(4,3)=4.2*A(1,4)+3 .9*2811 ( 1 ) -3. *28 12 ( 1 )+28l3 ( 1 ) 


XRHP 


470 




A( 4,4)=-4.2*A( 1,3)-3.9*2C11(1)+3.*2C12(1)-ZC13(1) 


XRHP 


480 




ERASE, R 


XRHP 


490 




R( 1, 1)=-X( 1 )**2/4. . 


XRHP 


500 




R( 1 ,2)=R( 1 .1 ) 


XRHP 


510 




R( 2. 1 ) = 2.»R ( 1 , 1 ) 
0£TR = 1. 


XRHP 


520 




XRHP0525 




XX=XSIME0F! 4.4,2 .A.R.OETR.BES) 


XRHP 


530 



066465 



JOe 05V217XR 

LOAD 

TRA 

LOADING Lie 
TRANSFER VECTORS 



05541 


00000 


05460 


00000 


04614 


00002 


04544 


00000 


SUBROUTINE 1 


entry 


LOCATIONS 




ENOJOe 


05541 


SYSTEM 


05542 


LOGIO 


05202 


LOGE 


05214 


COS 


04664 


COSO 


04 64 7 


(RLR) 


04536 


( TS0) 


04537 


( SPH) 


04523 


(STH) 


04 524 


(EFT) 


04531 


(RWT) 


04532 


6ESJ 


01701 


6ESY 


01704 





XRHP PR4 


-958 




05337 


00000 


05167 


00000 


04523 


00000 


03651 


00000 


CLKOUT 


05543 


XLOC 


05460 


LONE 


05167 


SORT 


05 105 


EXPA 


04616 


EXP(3 


04616 


(HLR) 


04540 


(FPT) 


04541 


(CSH) 


04525 


(TSH) 


04526 


(FID 


04533 


(RTN) 


04534 


BESI 


01707 


BESK 


01712 




STRESS 


CONCENTRATION 




METHOD 


OF GEN. 


TECH. 



05105 


00000 


046*4? 


00000 


01701 


00000 


00100 


00017 



EXP 


05337 


LOG 


05213 


SIN 


04666 


SINO 


04651 


EXPI2 


04544 


(5T6) 


04535 


XXXRET 


04542 


(ULT) 


04543 


(SCH) 


04527 


(8ST) 


04530 


X5IMEQ 


04275 


XOETRM 


04274 


000000 


00117 







FACTORS 
♦ F. P. 



HAWK AND PIERCE 



CASE NO 



1-1 



CYLINDER PARAMETERS 



R= 7.780000 T= 0.37S000 NU=0.300 A= 0.475000 



RADIUS 

RANGE 


0. 


10.00 


KOOOO 


1 . 1014 


6.9292 


1000 


7.5450 


7.2552 


1 • 2500 


7.3590 


7.0635 


K5000 


6.5186 


6.2562 


K7500 


5.6894 


5.4663 


2.0000 


5.0 180 


4.0292 


3.0000 


3.5179 


3.4063 


4.0000 


2.8817 


2.8041 


5.0000 


2.541 1 


2.4819 


10.0000 


1.7880 


1.7715 





THETA 


RANGE 


20.00 


30.00 


45.00 


6.2031 


5.0907 


3.0000 


6.4208 


5.1423 


2.7397 


6.2128 


4.9095 


2.4600 


5.5005 


4.3427 


2.1667 


4.0239 


3.8396 


1.9898 


4.2033 


3.4469 


1.8750 


3.0848 


2.5923 


1.6667 


2.5004 


2.2377 


1.5937 


2.3116 


2.0506 


1.5600 


1.7241 


1 .6515 


1.5150 



60.00 


75.00 


90.00 


0.9093 


-0.6212 


-1. 1814 


0.3370 


-1.4219 


-2.0657 


0.0105 


- 1.7826 


-2.4390 


-0.0093 


-1.6023 


-2.1853 


0.1400 


-1.2142 


-1.7098 


0 . 30 3 1 


-0.8476 


-1.2688 


0.7410 


0.0634 


-0.1046 


0.9498 


0.4783 


0.3058 


1.0694 


0.7103 


0.5709 


1.3705 


1.2786 


1.2420 



CASE NO. 1-2 



CYLINDER PARAMETERS 



R= 7.780000 T= 0.375000 NU=0.300 A= 0.950000 



RAO'IUS 

RANGE 


0. 


10.00 


1 .0000 


5.3222 


5. 1821 


1 . 1000 


5.7161 


5.5366 


1 .2500 


5.6914 


5.4965 


1.5000 


5.1553 


4.9750 


1.7500 


4.5647 


4.4094 


2.0000 


4.0585 


3.9260 


3.0000 


2.7418 


2.6770 


4.0000 


1.9307 


1.9104 


5.0000 


1.3506 


1.3632 


10.0000 


2.3461 


2.2960 





THETA 


RANGE 


20.00 


30.00 


45.00 


4.7709 


4.1611 


3.0000 


5.0190 


4.2279 


2.7397 


4.9354 


4.0757 


2.4600 


4.456 1 


3.6610 


2. 1667 


3.9623 


3.2772 


1.9898 


3.5477 


2.9668 


1.8750 


2.4903 


2.2042 


1.6667 


1.8519 


1 .7622 


1.5937 


1.3996 


1.4553 


1.5600 


2.1516 


1.9305 


1.5150 



60.00 


75.00 


90.00 


1.8309 


0.9009 


0.6778 


1 .2514 


0. 1620 


-0.2360 


0.8443 


-0.3385 


-0.7714 


0.6724 


-0.4216 


-0,8220 


0.7024 


-0.2401 


-0.5051 


0.7832 


-0.0160 


-0.3005 


1.1291 


0.7356 


0.5915 


1.4253 


1.3019 


1.2568 


1 .6647 


1.7413 


1.7694 


1.0995 


0.7953 


0.6839 



CASE NO. 1-3 CYLINDER PARAMETERS 



R= 7.780000 T= 



RADIUS 

RANGE 


0. 


10.00 


1 .0000 


4.7766 


4.6694 


1 . 1000 


5.0569 


4.9171 


1 .2500 


4.9807 


4.8287 


1.5000 


4.4541 


4.3162 


1 .7500 


3.8790 


3.7651 


2.0000 


3.3641 


3.2743 


3.0000 


1.0192 


1.8100 


4.0000 


0.8334 


0.8792 


5.0000 


0.5463 


0.6074 


10.0000 


2.4432 


2.3872 



0.375000 NU=0.300 

THETA RANGE 
20.00 30.00 45.00 

4.3609 3.8883 3.0000 

4.5148 3.8983 2.7397 

4.3910 3.7203 2.4600 

3.9189 3.3104 2.1667 

3.4370 2.9344 1.9898 

3.0157 2.6195 1.8750 

1.7835 1.7429 1.6667 

1.0113 1.2136 1.5937 

0.7834 1.0531 1.5600 

2.2261 1.9791 1.5150 



A= 1.250000 



60.00 


75,00 


90.00 


2.1117 


1.4615 


1.2234 


1.5811 


0.7329 


0.4225 


1 .1997 


0.2770 


-0.0607 


1 .0229 


0. 1857 


-0. 1208 


1 .0452 


0,3537 


0. 1006 


1.1305 


0.5854 


0.3859 


1.5904 


1.5346 


1.5141 


1.9739 


2.2523 


2.3541 


2.0669 


2.4379 


2.5737 


1 .0509 


0.711 1 


0.5868 
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CASE NO. t-4 



CYLINOER PARAMETERS 







R= 7.780000 T= 


0.375000 


NU=0.300 


A = 


1.500000 




RADIOS 








THETA 


RANGE 








RANGE 


0. 


10.00 


20.00 


30.00 


45.00 


60.00 


75.00 


90.00 


KOOOO 


4.655 1 


4.5553 


4.2679 


3.8275 


3.0000 


2. 1725 


1.5667 


1 . 3449 


1 *1000 


4.7769 


4.6540 


4.3003 


3.7583 


2.7397 


1.7211 


0.975U 


0.7025 


K2500 


4.5737 


4.4462 


4.0792 


3.5168 


2.4600 


1 . 40 32 


0.6295 


0.3463 


K5000 


3.9387 


3.8319 


3.5242 


3.0527 


2. 1667 


1.2806 


0.6320 


0.3946 


K7500 


3.2800 


3.2022 


2.9762 


2.6349 


1.9898 


1.3447 


0.872** 


0.6996 


2^0000 


2.6761 


2.6278 


2.4887 


2.2756 


1.8750 


1 .4744 


1. 1812 


1.0739 


3^00 00 


0.8187 


0.8699 


1.0171 


1.2427 


1.6667 


2.0906 


2.4010 


2.5146 


U^OOOO 


0.0944 


0. 1848 


0.4452 


0.8441 


1.5937 


2.3434 


2.8922 


3.093 1 


5*0000 


0.8219 


0.6664 


0.9945 


1.1909 


1.5600 


1 .9291 


2. 1993 


2.2981 


10.0000 


0.9742 


1.0066 


1 . 1007 


1 .2446 


1.5150 


1.7854 


1.9834 


2.0558 







CASE 


NO. 1“5 


CYLINOER PARAMETERS 










R= 7. 


780000 T= 


0.375000 


NU=0.300 


A = 


1.750000 




RADIUS 








THETA 


RANGE 








RANGE 


0. 


10.00 


20.00 


30.00 


45.00 


60.00 


75.00 


90.00 


1.0000 


4.7749 


4.6679 


4.3597 


3.8875 


3.0000 


2.1125 


1.4629 


1.2251 


1. 1000 


4.6878 


4.5703 


4.2321 


3.7138 


2.7397 


1.7656 


1.0525 


0.7915 


1.2500 


4.2856 


4. 1755 


3.8585 


3.3728 


2.4600 


1.5472 


0.8790 


0.6344 


1.5000 


3.4352 


3.3587 


3.1384 


2.8009 


2.1667 


1.5324 


1.0681 


0.8982 


1.7500 


2.6026 


2.5657 


2.4593 


2.2962 


1.9898 


1 .6834 


1.4591 


1.3770 


2.0000 


1.8411 


1.8431 


1.8490 


1.8580 


1.8750 


1.8920 


1.9044 


1.9089 


3.0000 


-0.2320 


“0.1175 


0.2122 


0.7173 


1.6667 


2.6160 


3.3110 


3.5654 


4.0000 


0.0275 


0. 1220 


0.3940 


0.8106 


1.5937 


2.3769 


2.9501 


3. 1600 


5.0000 


2.1596 


2. 1234 


2.0193 


1.8598 


1.5600 


1.2602 


1.0407 


0.9604 


10.0000 


2.1393 


2. 1017 


1.9933 


1.8272 


1.5150 


1.2028 


0.9743 


0.8907 



I 
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APPENDIX B 



Analvyls ifea Strggs Conogntratlon ground 



^ Hol» Method fii ^ I*, l^nre 



A method of analytically deterzninlng the etress eoneentratlons 
in the nei^borhood of a hole In a circular cylinder vae formulated 
by A* I, Utr^^ the derivation of which appears in (l ), ( 2 ) and 
( 3 )* Of these, the last mentioned is particularly poor; numerous 
omissions, erroneous inclusions, and undefined aseunptions were 
noted* This, however, was felt to bo the fault of the translator, 
not of the derivation proper* 

The equations initially used by Lur^ vesre appro^dmate in nature, 
taking into effect only the •w* or radial amaponent of dlsplacemont 
and ne^eoting the ’’u*' and' "v* eonponents whan oaloulntlng changes 
in c u rv a ture and t\d.at* This approximation reduced the problem to 
the determination of a displacement function c|> idtioh, in the absence 
of surfaoe loads on the shell, satisfied the differential equations 





<l>('x,y) 



X = abdssa along a generatrix of the cylinder 
y 5= k X, Xbeing the az5jtuth an^e of a meridional plane 



I 






3y -using a complex stress runction, e>q^reGsions for the forces 
and moments in tlie cylindrical shell v;oro determined, v^ich contained 
a number of undetemlned constants. At this -colnt, a further restriction 
was placed on the scli’tion; 




This ascui'ption i.ra.r> made 5r. order to be able to neglect terms on 
the order of ? tut restricts the apslica-bion of the solution, 
essentially, to a pinhole in a thin shell. 

Lure nor-rt c,pplied a cylindrica.1 coord'.iur.le n-'^rte;' to the shell, 
centered about the hole, such tliat ~ r cos ^ arid j’" = r sin 0, where 
the ci.:r\’-OE ^ = constant :;oiild be helices when in tlie shell or radial 
lines terminating at the origin if tlie cylinder wore developed into 
a plane. 



The stresGos J^nd v;ere then obtained, and the relations 

between thers deteimiined for tho care i:here, at the edge of the hole 
( r = a ), Sf The formula arising from this analysis is: 

- r (6k ^ ^y){\ t ~xi ) ^ ^ cos ZO 



i/hen converted to a form to give a stress concentration factor 
referred to <5x , the forrmla becomos: 

'jr 



6 & _ 
SC? = ^7“ - 

4- 



3 



'L. 






+ 



1> <r<_ 






^2. ■ iv» ‘ 

Calculations for the hole diameters investigated wore made, a summary 
of which appears on the folloxving pages. 



•^ 6 *^ 







f 






SIMIARY OF STRESS CONCENTRATION 



FACTORS DERIVED FROK THE ^^ETHOD OF LURE 



a = 0.475 0 



r 

a 




0° 


250 


90° 


1.00 




5.5620 


4.7904 


1.2420 


1.25 




3.9932 


3.5633 


1.5860 


1.50 




3.3172 


3.0100 


1.5970 


1.75 




2.9691 


2.7145 


1.5437 


2.00 




2.7676 


2.5385 


1.4850 


3.00 




2.4500 


2.2500 


1.3300 


4.00 




2.3536 


2.1585 


1.2610 


5.00 




2.3386 


2,1178 


1.2264 


10.00 




2.2582 


2.O65O 


1.1778 


1.00 


a = 0.950 


7.2482 


6.3052 


1.9682 


1.25 




5.2497 


4.7243 


2.3077 


1.50 




4.3796 


4.0041 


2,2770 


1.75 




3.9275 


3.6163 


2.1853 


2.00 




3.6639 


3.3839 


2.0963 


3.00 




3.2U5 


3.0000 


1.8757 


4.00 




3.1158 


2.8773 


1.7804 


5.00 




3.0595 


2.8226 


1.7331 


1.00 


a,=...1.,.^P 


8.8924 


7.7822 


2.6764 


1.25 




6.4750 


5.8564 


3.0114 


1.50 




5.4154 


4.9733 


2.9402 


1.75 




4.8620 


4.4957 


2.8110 


2.00 




4.5380 


4.2084 


2.5926 


3.00 




4.0192 


3.7314 


2.4078 


4.00 




3,8591 


3.5783 


2.2869 


5.00 




3.7886 


3.5097 


2,2272 


1.00 


a = 1.500 


10.6052 


I 

9.3209 


3.4140 


1.25 




7.7514 


7.0357 


3.7444 


1.50 




6.4945 


5.9831 
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SUMMARY OF STRESS CONCEMTRATION 
FACTORS DERIVED FROM THE METHOD OF LURE 
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APPETTDIX C 



Strees Coneentratlen Pactorq 
Derived Firoic Flat Plate Theory 

Wang, in (7), derives the stress function for a flat plate subjected 
to the action of a uniform tensile stress “S" In the "x” direction as 
being; ~ H Sy^' . 

In terms of cylindrical coordinates, this becomes - 4 " 5r^0 
0 being measured from the ”x” axis. From this, an expression for Is 
derived, betngj ^ ^ '-cofZ©), 

When a small circular hole is drilled in the plate, the expression 
for the stress function becomes? 

^7.^ (c, r r + Cz r=-+ C3 r t C4] ^(c^. r % ^ t q) c os Z ^ 

When the boundary conditions are fulfilled, and the unknoxm coeff- 
icients are calculated, the resulting expression for is derived as 
belngi ^ ( I + j 1 ^ 

By superposing a tensile stress of amount 2S at 90*^ away from 0=*O, 
a condition approaching that existing in a thin shell under internal 
pressure may be approximated? i.e., 6 i = '^^^ S \ 6x~ Z.S 

This leads to an expression for under the action of a uniform 
biaxial tensile stress of? Sq ~ ^~{ 1 ^ ^ os Z&- 

This equation, when divided by **S” (the field stress in the axial 
direction), results in the desired expression for the stress concentration 
factor? SCF^- 6 x ~ ,5 ~2f(^^r^j*^2.(i + J cos ZB . 

A tabular summary of values of SCF for various^ ratios at selected 
angles appears on the following page. 
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SCMMARY OF STRESS CONCENTRATION FACTORS 



DERIVED FROM FLAT PLATE THEORY 
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In a similar manner, it is possible to derive an expression 
for %■ = SCP , which is; 

SCF= 

A table of selected values of this equation' appears below: 
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APPENDIX D 



SAMPLE COMPUTATIONS T^OR A TYPICAL TEST 

On the five data sheets which follow ( pages 73 through 77 )* the 
strain indicator readings for a typical test - that for the I. 5 ” radius 
hole - are shown. Initial readings were taken at 200 psig internal 
pressure, and subsequent strain readings were taken for each strain 
gage at intervals of 100 psi up to and including JOO psig. 

These readings were in turn plotted for every gage and the linear 
portions of the plots were used to determine the "strain sensitivity" 
in micro-inches per inch per psi of pressure. A typical examule of 
this type of plot appears on page 
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Th« strain sensitivities thus found are truly indicative ef 
the state of strain within the body, and following aonventional 
reduction formulae, can be reduced to a stress sensitivity - 
psi (stress) per psi (pressure). 

The following reduction formulae from<'l[ll) were used to 
compute the stress sensitivities: 

For biaxial gages; 

rru- 

■ E {t'€, + 

1 -z/*- 



where : 



^ - the algebraically larger principal stress 

« the algebraically smaller principal stress 
€, ■ the algebraically larger principal strain 
■ the algebraically smaller principal strain 
E " Young's Modulus 
" Poisson’s Ratio 
For rosettes: 
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where : 



O', m the algebraically larger principal stress 
• the algebraically smaller principal stress 
- strains measured by the perpendicular gage legs 
^6 ■ strain measured by the gage leg 
E ■ Young's Modulus 
■ Poisson's Ratio 
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These formulae were adapted to computation forms, and as 
shown on the following pages, were used to compute the streas 
sensitivities for each gage location. In addition to the con- 
ventional reduction of strain rosette data to principal stress 
sensitivities, an additional reduction was made by omitting the 
leg and treating the gage as a biaxial gage, thus giving 
results in terms of tangential { 9 ) and radial ( r ) stress 
sensitivities as related to the hole. 

In order to key the hole instrumentation to the data reduction 
sheet, the following notation was employed; 
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In order to compare these stress sensitivities to a common base, 
it was decided to use the theoretical axial stress obtaining in a 
cylinder under pressure. For such a vessel with walls of finite thickness, 
Seely and Smith in (12) give the following formulae for the Lame ( thick- 
wall ) stresses: 




By letting 



K = 



2 Rl. 



- 




the above equations 
2 

p f K + 0 

pK 



become: 




Then, by dividing both sides of the equations by the pressure 
P, the theoretical stress sensitivities Eire formed, being psi (stress) 
per psi (pressure), which are* 



K •* 19o 78» Thus, the theoretical axial stress sensitivity, psi/psi 
equals K/2 er 9o89o 

The tangential ( 0 ) and radial ( r ) stresses ( in terms of a 
polar coordinate system centered on the hole ) were computed by aver- 
aging the inside and outside stresses for each gage location to ob- 
tain a mean stress, which was then compared to the theoretical axial 
stress. Computations for this phase appear on the following six pages® 
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One of the general theories of failure which seems to agree well 
with experimental data for a ductile material is the maximum distortion 
energy theory attributed to Huber, Hencky, and Von Mises. For a body 



in a condition of plane strain, Nadai (13) writes this as: 



± cr/ - a; o% 



where6', and (5^ are principal stresses , 

We can use the Lame stresses previously determined (pages B? and 
88) to compute a theoretical Hencky-Von Mises field stress sensitivity 
in a cylinder for comparison to the Hencky-Von Mises stress sensitiv- 
ities calculated from measured data: 





Inside Surface 


Outside Surface 




20.78 


19.78 


O'k 


9.89 


9.89 


cr/ 


U31.808 


391. 2U8 




97.812 


97.812 


C3T/ +<?/ 


529.620 


U89.060 




205.511: 


195 .621* 




32U.106 


293.1*36 


<s' 

^ Hv'M 


18.003 psi/psi 


17.130 psi/psi 



Hencky-Von Mises stress sensitivities were computed from measured 
data and compared to the theoretical values for each gage location. 
Calculations for this step appear on pages 96 through 101. 
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One method of calculating the stress concentration around a 

reinforced hole is found in (14), which used by reference (15) 

to estimate the increased stresses around apertures in the hull of 

the "Aluminaut” , The following calculations represent this approach 

4© 

to the problem of determining 

1. Area of reinforcement ( from reference (14), page 87 ) 

. (J.g -.37S) 

{3)(.31S} 

F ^ 0.23 



o - ■ f < O ( from curve ) 

- 2. 4^ ( (14), page 89 ) 

K R = B + I 

Kr = -/) + I 

K ~ 2.. OS e 

Now, the stress distribution in terms of polar coordinates in 
an unholed plate in a biaxial stress field of S and 2S may be taken 
as in (v): _ . 

^ 2 2.e) 



If we let = S, divide both sides by ^x» multiply by Kj^ , 
we will have an expression for the stress concentration factor desired, 

5CF = Kr ft = /.on co^zej 

For the 3.0" diameter hole, this becomes: 

0 0 ° 30 ° 60 ® 90 ° 

SCF 4.08 3.51 2.51 2.04 

Finally, following Mtirphy's method of construction of the Mohr’s 
circle for strain as described in (l6), the direction of principal 
strains ( hence stresses ) were determined for each rosette location 
on the cylindrical surface. 
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APPENDIX E 



DETAILED DESCRIPTION OF TEST APPARATUS 



The test apparatus consisted of a pressiire vessel, pump, flexible 
tubing, pressure gage, and eqiiipment required for the taking of strain 
gage data. The details of the pressure vessel are shovm in Figures 11 
through 14 , pages 106 through 109. 

The pressure vessel was constructed of HY-80 steel in accordance 
with a basic design drawn up by Mr, John Pulos of the David Taylor 
Model Basin, The fabrication sequence was as follows: 

1 ) A 1” thick HY-80 plate was rolled to a 14*' I.D. and closed 
with a longitudinal weld to form a cylinder, 

2 ) The cylinder \ra,s stress relieved at 1100°F for two hours, 

3 ) The cylinder was machined to the final I.D. and 0,D, 

4 ) The radially oriented hole x^as machined out and the 
reinforcement plug welded in, 

5 ) The cylinder was stress relieved at 1100°F for two hours, 

6) The pressure vessel end rings were welded on. 

The pressure vessel was instrumented with electrical resistance 
foil strain gages as shown in Figure 1 5. In addition, gages were 
placed on the inside periphery of the hole in the reinforcing plug. 

The biaxial strain gages located on the 0° and 90° legs were made 
up of two Budd C6-111 foil gages placed perpendicularly to each other. 

The rosette strain gages on the 25° leg were Baldwin SR-4 type FABR 
12-12 foil gages (for gage locations, see Figure 4, page 7), 
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9 



Tto hole periphery strain gases for hole diaBeters of .95", 1.90" 
and 2.50" were Budd 06-111 foil gages. The hole periphery strain 
gages for hole diameters of 3.00" and 3.50" were Baldwin SR-4 
• type FABR 12-12 foil gages. 

All strain gages on the QO, 25“ and 90“ legs were applied with 
HYSOh epory cement, following the manufactnrer's instructions. All 
atraln gages except those on the hole periphery were covered with 
epoxy cement for their protection after being wired to the strain 
Indicator and tested for efficiency of bonding hy pressing with a 
pencil eraser while watching for deflections of the strain Indicator 
needle. Strain gages on the hole periphery were applied with Eastman 
910 adhesive and left uncovered since they were only used for a 
short period of time and had to be replaced for each hole blse. 

The dummy reference strain gages were attached to a block of 
steel which was located inside the pressure vessel to keep 

all strain gages at or near the same temperature while strain 
readings vere being taken. 

The actual arrangement of the test apparatus Is Illustrated 
in Figures 2 and 3, pages 5 and 6. 

A detailed list of apparatus appears on pape 105. 
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LIST OF EQTTIPMEMT ASSOCIATED WITH PROJECT 



A. STRAIN INDICATOR: 

Baldwin - Lima - Hamilton, Type N 

B. STRAIN GAGE SWITCH BOX: 

Type 186-C, position 
David W, Taylor Model Basin 
Washington, D,C, 

C. HYDRAULIC PUMP: 

Blackhawk Hydraulic "Porto-Power” Jack 
Type P - 76, 0 - 20,000 psi, hand operated 

D. FLEXIBLE TUBING: 

Blackhawk "Porto-Power” flexible hose, Z - 864 

SAE 100R1, 3/16" wire reinforced 

Equipped with ZH - 630 Bantam "SPEE - D - COUPLER" 

E. PRESSURE GAGE: 

Ashcroft bovurdon tube type 
0 - 1,000 psi in 10 psi subdivisions 
dial face 

F. HYDRAULIC OIL: 

Lubricating oil, general purpose 
Navy symbol 3042 j MIL - L - 15016A 
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PRESSURE VESSEL CYLIMDER 
FIGURE (I 
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PRESSURE VESSEL CLOSURE. PLUG 
FIGURE IZ 
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PRESSURE VESSEL EMD RIWG 
FIGURE 13 
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MATEKiAL- MEDIUM UTEFl. 




PRESSURE VESSEL COVER PLATE 
F\ C U R E 14 
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FIGURE 15 

Photograph of Pressure Vessel Instrumentation 
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FIGURE 16 

Photograph of Wiring Set-Up 
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APPKIDIX P 



KISCELLATIEOrS PROCEDURES AUD 
^."ARIATICflS IN BASIC TECHNIQUES 



SECTION I 

INFORKATION REGARDING THE ATTACHNENT 
OF FETAL FOIL STRAIN GAGES 



SECTION II 

REPLACEFENT OF CLOSURE PLUG O-RING 
I'TITH A LOW ADHESION SEALING CO^'POTTND 



SECTION III 

REFOVAL OF REINFORCEFENT 



SECTION IV 

DETECTION OF A PRESSTOE SENSITIVE GAGE 
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SECTION I 



INFORMATION REGARDBIG THE ATTACHMENT 
OF METAL FOIL STRAIN GAGES 

Two different cement kits were used in the attachment of the 
bakellte-haoked metal foil strain gages (Budd C6111 and Baldwin SR4 
FABR 12-12 types) used to instrument the periphery of the hole. Both 
of these kits are based on the use of Eastman 910 adhesive, a cyano- 
acrylate monomer which can transform almost instantaneously from a 
freo-flowing liquid to a rigid plastic, forming strong bonds with 
almost any material. 

Of the two kits used^ 'the one purchased from the Baldwln-Llma- 
Hamilton Corporation gave xmsatisfactory results, although the Instruc- 
tions contained therein were followed explicitly. On the other hand, 
the GA-1 contact cement kit supplied by the Budd-Tatnall Company gave 
extremely good results. The procedure set forth in the Budd Company 
instructions was modified, however, on the basis of information received 
from the David Taylor Model Basin Personnel, For possible futxire refer- 
ence, the method which the authors forad to be satisfactory is outlined 
below: 

A, Surface Preparation 

1, Remove burrs, tool marks, etc,, from the sturface, A small 
grinding wheel followed by No, 2 emery paper seems suitable, 

2, Using cotton applicators, clean the area thoroughly with 
benzene until the swab tips are completely clean. Follow up 
with acetone cleaning in the same manner. 
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3* Apply Budd GA-1B neutralizer with a svra.b, let stand a 
few seconds, then rer.ove vdth dry swabs (GA-IB is a soltrtion 
of airanonia in water; it has been found that Eastman 910 sets 
up best when the environment is very slightly basie). 

4» Apply GA-1A accelerator to the surface. This must be 
allowed to dry for at least four minutes before placing the 
gage in position. 

B, Gage Preparation 

1, Apply cellophane tape ("Scotch Tape") over surface of 
the gage and peel off any temporary backing. Clean gage 
back xd.th acetone* 

C, Installation 

1. Apply a drop of 910 cement to back of gage. Spread out 
evenly, using the stick of a cotton swab, but not exerting 
any direct pressure on the gage* 

2, Apply gage to the surface, and press firmly into position 
with finger* Avoid getting cement on the fingers, as they 
will adhere firmly to the surface* After one minute, the 
carrier tape may be peeled slowly off of the gage, and wire 
connections may be made* 
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SECTION II 



REPLACEMENT OF CLOSURE PLUG 0-RTOG 
WITH A LOW ADHESION SEALING CO^TOUND 

For the last two tests in the series, the 0-ring type of seal on 
the closure plug would not have been satisfactory because of the geo- 
metric limitations imposed on the plug and the lack of sufficient fay- 
ing sTirface against which an 0-ring must bear. Following the advice of 
David Taylor Model Basin personnel, a low adhesion sealing compound was 
employed vrith excellent results. This compound is made by the Products 
Research Company of Gloucester City, New Jersey, and is designated as 
Sealant PR-1321, 

The sealant is a synthetic rubber-base, Thiokol liq-uid polymer, 
compounded into a highly thixotropic red paste which may be applied to 
the surfaces to be sealed by a spatula. It <mres to a solid rubber 
which seals to the extent that no leakage at all ims observ^ed at any 
time during the tests. 

The procedure which the authors found quite satisfactory is as 
follows : 

a. Wash the faying surfaces thoroughly with benzine, followed 
by acetone, 

b. Thoroughly mix the sealing compound; 10 parts by weight of 
base compound to 1 of accelerator, 

c. Apply sealant to one of the faying siirfaces, then join them. 
Apply moderate to heavy pressure to cause the compound to 
flow into the surface irregularities. Let stand under this 
pressure for 24 hours for curing, 
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For the tests in which this compovmd was used, the sealant vms 
forced into the s\irfaces by tightening up the closure plug bolt and 
strongback arrangement. During the acttial testing period, the closxu:e 
plug nut could be backed off with no danger of leakage, ^*Jhen subsequent 
disassembly of the model was performed, it was found necessary to 
strike the plug smartly vrith a mallet in order to break the seal thus 
formed. 
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SECTION III 



RE^:OVAL OP REINFORCEI-IENT 

Successive enlargements of the hole ( or removal of reinforcement ) 
proved to be a more tedious and difficult task than had been originally 
conceived, A cradle of some sort was needed in which to mount the model 
during machining, so an old engine assembly bed was modified to do the 
job. This permitted the m.odel to be clamped securely to the bed and the 
bed in turn bolted to the base of the Wiener drill press in the machine 
shop. 

The Wiener press which was used to machine away the reinforcement 
cannot be considered adeqtiate for a Job of this type. When the machine 
was being used to bore out the hole in the model, the entire "fixed" 
head of the drive and spindle could be observed describing an elliptical 
path 180° out of phase with the cutting tool. Only by taking small cuts 
at low feed rates could reasonably circular holes be machined. 

New tools were purchased by the Institute to assist in the job of 
reinforcement removal; a Chandler-Duplex Model J Combined Boring and 
Facing Tool Head, and a "J" set of Bolcum Boring Bars, The Chandlei>-Duplex 
"J" is a versatile tool head which permits boring out a hole up to 6" in 
diameter, or facing a like area, ( The latter feature was not employed 
by the authors.) The set-up used can be seen in Figure 18, Because of the 
lack of flexural rigidity of the machine in which it was used as well as 
the toughness of the HY-80 steel which vras being machined, the maximum 
cut that could be taken was ,050" on a diameter, ( Even this modest cut 
produced occasional chattering. ) It is felt that the Model J head did not 
receive a fair trial in this respect, and that when used on softer material 
or in a better machine, it will perform very creditably. 
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FIGURE 18 

Photograph of Reinforcement Removal 
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SECTION IV 



DETECTION OF A PRESSURE SENSITIVE GAGE 

While the tests were being performed with concurrent reduction of 
strain data, it was found that all of the strain gage rosettes on the 
inside 25° leg were producing readings far in excess of what should 
normally have been expected. As the model was filled with oil for testing, 
access to the suspect "dtonmy" gage associated \jlth this rosette group 
was impractical. In order to verify the fact that this dummy was presstire 
sensitive, it was connected up as an "active*' gage to the strain indica- 
tor while a new rosette was moiinted on a solid metal block and connect- 
ed up as the dummy. When pressure was applied to the model, deflection 
of the indicator needle immediately revealed that the dummy gage in 
question was indeed pressure sensitive. 

Using the newly mounted exterior dummy, the other rosette dummy 
gages were checked and found to be satisfactory ( no changes in strain 
for changes in pressure were observable ), The test dummy was removed 
from the circuit, and a regain series of strain readings were taken 
on the inside rosettes using first the pressure-sensitive dummy and 
then a good dximny in the circuit. Strain sensitivity plots were made 
and both found to be linear, so a correction factor vae computed for 
each gage element and applied to the readings of the affected gages 
for the previous test ( 1,9" diameter hole ), 

Upon later disassembly of the model for machining, the block of 
metal with the dummy gages mormted theron was inspected. It was foimd 
that the suspected dianmy rosette had indeed become unbonded, thus 
causing erroneous readings to result. The lack of bond was quite 
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apparent for, when poked with a rubber pencil eraser, violent 
deflections of the strain indicator needle resulted. 

It is felt that the practice of placing all d\xrrany gages in the 
interior of the model is not entirely satisfactory. Although it 
prevents inadvertent damage to them and insures that they will not 
be subject to temperature fluctuations, It makes access to them 
rather difficult. 

It is believed that a better arrangement woxild be to have the 
dummies associated with the interior gages mounted on a gage block 
inside the model, and those associated with outside instrumentation 
left exterior to the model. In this way, shotuLd any bad readings 
occur on at least the exterior gages, the simple and expedient 
"poke test" with a pencil tip eraser could be immediately used. 
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